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FOREWORD 

NConf  y 

The  probability  of  deflagration-to-detOTation  transition  (DDT)  is  known  to 
increase  considerably  when  the  energetic  mat^ial  is  porous;  although,  until 
recent  experiments  at  this  Center,  it  was  nei^er  appreciated  nor  predicted  by 
existing  models  that  there  is  extensive  pore  elapse  during  the  buildup. 

Rather  than  study  the  details  of  pore  coll  apse  ,'^he  dynamic  compaction  of  a 
collection  of  particles  (a  porous  bed)  was  quantitatively  measured  by  a  variety 
of  experimental  techniques  forv^seve'raT'^nerts7*several  single-  and  double-base 
propellants,  two  crystalline  explosives,  and  two  plastic-bonded  explosives. 

When  available,  quasi-static  compaction  data  from  Wayne  Elban  and  his  cowe^ri^rs, 
also  of  this  Center,  were  compared  with  the  dynamic  data  to  determine  rate  \ 
effects.  The  work  was  accomplished  for  the  Independent  Research  program.  Task 
ZR01305,  and  the  NAVSEA  Explosive  Block,  Task  SF33-337-691. 
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CHAPTER  1 


INTRODUCTION 


Compaction  of  highly  porous  bads  of  explosives  and  propellants  has  been 
observed  to  be  extensive  in  experimental  studies  of  deflagration  to  detonation 
transition  (OOT).^"'^  The  compaction  occurs  in  stages  corresponding  to  those  for 
the  accelerating  reaction  and  pressure  buildup  in  the  DDT  mechanism;  compaction 
during  each  stage  affects  the  reaction  process  in  each  subsequent  stage.  The 
stages  of  the  DOT  mechanism  and  the  compaction  processes  occurring  during  those 
stages  can  be  summarized  as  1)  the  pre-ignition  stage  during  which  the  pressure 
from  the  hot  gas  ignition  source  drives  a  weak  compaction  wave  into  the  porous 
bed  for  often  hundreds  of  microseconds  before  the  energetic  material  ignites, 

2)  the  conductive/convective  burning  stage  during  which  the  increasing  pressure 
buildup  at  the  ignited  end  of  the  bed  continuously  drives  compressive  waves  into 
the  porous  bed,  forming  a  strong  compressive  wave  at  some  depth  in  the  porous 
bed,  3)  the  compressive  burning  stage  during  which  reaction  is  initiated  via 
rapid  pore  collapse  from  the  strong  compressive  wave,  and  4)  the  shoc'<-to- 
detonation  transition  (SOT)  which  results  from  the  rapidly  strengthening 
compact  ion /shock  front,  driven  by  compressive  burning.  Note  that  a  compaction 
front  (compressive  wave)  of  increasing  strength,  first  driven  by 
conductive/convective  burning,  initiates  the  final  two  stages  of  the  DDT 
mechanism.  Rut  even  the  partial  collapse  of  pores  by  pre-ignition  compaction 
subsequently  effects  convective  ignition  in  the  next  stage  and  compressive 
reaction  in  the  final  stages. 

An  understanding  of  DOT  for  very  porous  energetic  materials,  and  the 
ability  to  model  it  numerically,  obviously  requires  knowledge  of  compaction 
processes.  Therefore,  it  was  decided  that  dynamic  and  quasi-static  measurements 
of  compaction  would  be  made  over  a  pressure  range  appropriate  for  DDT  ouildup. 
Materials  that  were  to  he  compacted  included  inert  simulants  for  energetic 
materials,  single-  and  double-base  propellants  (smokeless  powders  for  firearms), 
and  plastic-bonded  as  well  as  crystalline  explosives. 

It  was  necessary  to  develop  several  dynamic  compaction  techniques  in  ordef 
to  simulate  the  range  of  pressures,  as  well  as  pressurization  rates,  appropriate 
for  DDT  buildijp.  Initially,  pre-ignition  compaction  by  the  ignitor  used  in  ODT 
experiments  at  NSWC  was  studied  for  two  inert  simulants  in  order  to  avoid  the 
complications  associated  with  reaction  of  the  compacting  material. In 
subsequent  experimental  techniques,  the  energetic  materials  were  compacted 
without  contact  with  hot  combustion  products  in  order  to  avoid  direct 
ignition.  However,  as  the  driving  pressure  was  increased,  the  energetic 
materials  experienced  compressive  reaction  and  its  growth,  much  like  that  during 
the  final  stages  of  DDT.  The  threshold  for  compressive  reaction  has  been  found 
to  correlate  approximately  with  the  particle  velocity  in  the  compacted  region; 
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that  threshold  was  73-151  m/s  for  several  of  the  materials  reported  here.*^  Both 
near  and  beyond  that  threshold  for  a  particular  material,  the  compaction  process 
would  be  influenced  by  compressive  reaction  and  its  growth. 


Quasi-static  compaction,  in  contrast  to  high  strain-rate  dynamic 
compaction,  does  not  induce  compressive  reaction.  In  addition,  quasi-static 

and 

several 
However, 

for  that  data  to  be  useful  in  describing  the  dynamic  compaction  during  DPT,  an 
assessment  of  strain  rate  effects  is  required.  A  simple  comparison  of  dynamic 
and  quasi-static  data  provided  such  an  assessment  for  the  above  materials;® 
better  yet,  observed  rate  effects  in  an  inert^^  and  in  an  explosive^^  were 
predicted  from  stress  relaxation  measurements  following  their  quasi-static 
compaction.  The  quasi -static  measurements  have  been  incorporated  in  DDT  models 
under  development  by  K.  Kim^*^^  at  NSWC  and  C.  Price  and  T.  Boggs^^  at  NWC. 


N  •- 


V.'. 


This  report  describes  in  detail  the  various  dynamic  compaction  techniques 
which  were  developed  subsequent  to  the  ignitor  driven  compaction 
experiments.^’®  These  techniques  involved  1)  rapid  pressurization  by  an  inert 
gas  at  room  temperature,  2)  impact  by  a  long  rod,  3)  acceleration  of  a  piston  in 
contact  with  the  material,  and  4)  the  attenuated  shock  from  a  detonating 
explosive.  Particle  velocity,  compaction  front  velocity,  and  density  of  the 
compacted  material  were  measured  by  photographic  and  radiographic  techniques. 

The  density  of  the  compacted  material,  as  well  as  the  pressure  required  to 
compact  it,  were  calculated  from  the  particle  and  compaction  front  velocities 
using  jump  equations.  Confidence  in  the  suitability  of  jump  equations  for  these 
calculations  was  based  on  the  agreement  between  the  measured  and  calculated 
densities  for  compacted  material.  The  calculated  parameters  were  then  compared 
with  the  corresponding  quasi-static  data,  whenever  possible.  The  reported 
dynamic  data  are  presumably  unaffected  by  compressive  reaction;  observations 
pertaining  to  the  onset  and  growth  of  compressive  reaction  during  dynamic 
compaction  are  discussed  elsewhere. 
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CHAPTER  2 


EXPERIMENTAL  TECHNIQUES  AND  RESULTS 


Simulation  of  the  wide  range  of  pressures  and  pressurization  rates  observed 
during  DDT  buildup  required  several  different  experimental  arrangements.  For 
the  pre-ignition  stage,  porous  beds  of  inert  granular  materials  were  confined  by 
the  same  Lexan  tube  arrangement  used  in  some  NSWC  DDT  studies.  The  beds  were 
compacted  by  the  gas  products  of  an  ignitor  usually  used  in  DDT  studies;  the  use 
of  inert  beds  avoided  complications  from  porous  bed  reaction,  except  for 
possible  pyrolysis.  This  ignitor  driven  compaction  (IDC)  is  described 
el sewhere.^’^  The  following  experimental  arrangements,  which  are  described  in 
this  report,  were  designed  to  compact  energetic  materials  without  direct 
ignition.  To  simulate  the  early  stages  of  DDT — pre-ignition  and  the  onset  of 
conductive/convective  burning — the  porous  bed  was  loaded  by  the  sudden  release 
of  nitrogen  from  a  closely  coupled  reservoir  at  room  temperature.  This  is 
referred  to  as  gas  driven  or  cold  gas  compaction  (CGC).  As  the  final  stages  of 
DDT — compressive  burning  and  SDT — are  approached,  a  region  of  extensively 
compacted  bed  between  the  combustion  zone  and  the  compaction  front  acts  much 
like  a  piston.  This  was  simulated  by  the  piston  driven  compaction  (POC) 
apparatus,  which  drives  a  long  rod  into  the  porous  bed,  generating  pressures  o^ 
up  to  200  MPa  for  >200  ys.  The  CGC  and  POC  apparatuses  maintain  an 
approximately  constant  pressure  on  the  porous  bed  r  iring  the  experiment,  which 
is  convenient  for  data  analysis.  In  order  to  simulate  the  ramp  loaded 
compaction  (RLC)  that  occurs  during  buildup  to  DDT,  a  Teflon  plug  was 
accelerated  into  the  bed  by  confined  product  gases  from  detonating  a  long  strip 
of  explosive.*  A  final  arrangement,  which  used  a  gap  test  donor,  was  for 
studying  the  shock  driven  compaction  (SDC)  which  occurs  during  the  final  stage 
of  DDT. 

A  description  of  the  granular  materials  and  the  different  techniques  used 
to  compact  each  material  are  listed  in  Table  1.  The  inert  materi al s--Tefl on  7C, 
melamine,  and  sugar — were  chosen  to  represent  variations  in  mechanical 
properties  encountered  for  a  variety  of  energetic  materials.  The  energetic 
materials  cited  were  chosen  because  of  their  use  in  DDT  and/or  SDT  studies  at 
NSWC. 

For  most  experiments  the  compaction  parameters  measured  were  particle 
velocity  (u),  compaction  front  velocity  (U),  and  density  of  the  compacted 
material  (p^.)-  The  compaction  pressure  is  difficult  to  measure 


*L.  Green  at  LLNL  has  also  studied  the  response  of  porous  beds  to  ramp 
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T48LE  1.  GRANULAR  MATERIALS  FOR  DYNAMIC  COMPACTION  STUDIES 


** 


★ 

Materi al 

T  * 

Ingredients 

-5 

(q/cm'^) 

Experiments^^ 

Inert : 

30^  ^ 

46-56' 

Teflon  7C 

2.305 

CGC, POC, RLC, SDC 

Mel  amine 

— 

1.573 

POC 

Table  sugar 

Sucrose 

1.588 

Random 

SDC 

Ball  Propellants: 

Q 

WC  140 

NC 

1.65 

41lQ(spherical ) 

CGC 

Fluid  A 

NC 

1.65 

34Q(spherical ) 

CGC 

TS  3660 

NC/12%  NG 

1.64 

714Q(spherical ) 

CGC 

WC  231 

NC/25%  NG 

1.64 

790^(rolled) 

CGC,PDC 

Explosives: 

O  00 

o  o 

00 

Class  0  HMX 

-- 

1.90 

PDC 

Tetryl  (NSWC  X812) 

— 

1.73 

PDC 

PBXW-108(E) 

ROX/Binder 

1.555 

2170  (cubes) 

POC 

PBXW-109(E) 

RDX/Al /Binder 

1.655 

2170  (cubes) 

PDC 

Material /Ingredients 
NC  =  Nitrocellulose 
NG  =  Nitroglycerin 

HMX  =  Cyclotetramethylenetetranitramine 
RDX  =  Cyclotrimethylenetrinitramine 
A1  =  Aluminum 

"tf  "if 

TMD  =  Theoretical  maximum  density 
^5  =  Average  particle  size 

(When  available,  particle  size  analyses  are  referenced.) 
^^Experiments 

CGC  =  Gas  driven  compaction  (cold  gas  compaction) 

POC  =  Piston  driven  compaction 
RLC  =  Ramp  loaded  compaction 
SOC  =  Shock  driven  compaction 
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directly  and  often  does  not  correspond  to  the  measurable  radial  pressure  on  the 
inner  wall;  therefore,  jump  condition  calculations  for  pressure  (p^)  are 
tabulated  with  the  measurements.  Although  jump  condition  calculations  apply  for 
a  steady  state  process,  whereas  experimental  conditions  were  in  reality  quasi - 
steady,  the  calculations  for  density  (p^)  behind  each  compaction  front 
consistently  agreed  with  measurements. 

There  was  never  evidence  of  a  two  (elastic/plastic)  wave  structure  during 
the  experiments,  probably  because  the  hand  loaded  beds,  except  for  perhaps  the 
propellants,  were  unable  to  support  any  significant  elastic  load.  Even  if  there 
was  an  elastic  wave,  the  small  displacements  associated  with  it  were  unlikely  to 
be  resolved  from  the  experimental  measurements.  The  material  ahead  of  a 
compaction  wave  was  at  rest  (Uq  =  0)  and  at  its  original  packing  density  (pq). 
Assuming  a  single  wave,  the  jump  condition  equations  therefore  are 

‘^h  “  IJ-u  ’ 


p^  =  p  +  p  Uu  . 

Since  there  was  no  significant  residual  pressure  on  the  beds  from  the  packing 
process,  a  p^  of  0.1  MPa  (atmospheric  pressure)  was  used  in  the  calculations. 

All  of  the  bed  densities  reported  have  been  non-dimensi onal i zed  by 
converting  them  to  percent  theoretical  maximum  density  (%TMD  =  100  p/TMO).  This 
parameter  is  equivalent  to  the  volume  percentage  of  the  bed  occupied  by  the 
solid,  if  the  solid  itself  is  not  compressed.  For  most  experiments,  there  was 
insignificant  bulk  compression  of  the  solid;  however,  as  will  be  discussed,  the 
PBXs  incurred  a  small  amount  of  compression  at  the  highest  pressures  .  The 
above  jump  equations  thus  become 


XTMDj^  = 


%TMD 
_ o_ 

U-u 


Ph  =  Po  " 


TMD  Uu 


GAS  DRIVEN  COMPACTION  EXPERIMENTS 


Porous  beds  of  Teflon  7C  and  several  single-  and  double-base  propellants 
were  compacted  through  the  sudden  release  of  room  temperature  nitrogen  from  a 
reservoir  that  had  been  pressurized  to  <27.7  MPa  (4000  psi).  As  shown  in 
Figure  1,  the  reservoir  is  closely  coupled  to  the  porous  bed  in  order  to  achieve 
a  pressurization  rate  typical  of  the  early  stages  of  DOT.  An  experiment  is 
initiated  by  pneumatically  driving  a  pin  into  the  diaphragm  which  seals  the 
orifice  between  the  reservoir  and  the  porous  bed.  The  four-cornered  pin 
promotes  the  rupturing  of  the  diaphragm  into  four  petals;  they  remain  attached 
to  the  clamped  annulus  of  the  diaphragm  and  thus  avoid  complications  from  impact 
of  petal  fragments  on  the  porous  bed.  The  19  mm  diameter  of  the  orifice  is 
somewhat  less  than  the  25.4  mm  diameter  of  the  porous  bed  in  order  to  permit 
relatively  uniform  pressurization  of  the  bed  while  avoiding  preferential  gas 
flow  along  the  interface  between  the  bed  and  the  confining  tube,  as  was  observed 
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FIGURE  1.  SCHEMATIC  OF  APPARATUS  FOR  GAS  DRIVEN  COMPACTION 
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in  the  IDC  experiments.^  The  confining  tube  of  Lexan  is  a  standard  plastic  ClSViC 
ODT  tube,  usually  shortened  to  a  length  of  mm. 

Obtaining  a  suitable  diaphragm  arrangement  required  some  trial  and  error, 
and  therefore  is  reported  in  detail.  The  38.1  mm  diameter  diaphragms  of  brass 
shim  stock  had  thicknesses  of  0.15,  0.20,  and  0.41  mm  for  reservoir  pressures  of 
7.0,  13.9,  and  71,1  MPa,  respectively.  The  brass  disks  were  not  scored  to 
promote  controlled  rupturing;  however,  they  were  prepressurized  (and  thus 
dimpled)  without  the  break  pin  in  place,  in  order  to  use  a  break  pin  that 
protrudes  past  the  clamped  portion  of  the  diaphragms.  When  using  the  shorter 
break  pin  with  initially  undimpled  diaphragms,  the  7.1  mm  stroke  of  the  break 
pin  was  inadequate  to  rupture  the  diaphragms  reliably.  The  diaphragms  were 
sandwiched  between  two  pieces  of  gasket  material;  the  upstream  (reservoir) 
gasket  had  a  20.3  mm  opening,  whereas  the  downstream  gasket  had  a  17.8  mm 
opening,  which  is  slightly  smaller  than  the  19.0  mm  diameter  orifice,  in  order 
to  protect  the  diaphragm  from  being  cut  by  the  edge  of  the  orifice.  The  edge  of 
the  orifice  had  a  0.6  mm  radius  to  reduce  its  tendency  to  cut,  but  a  larger 
radius  may  have  been  more  appropriate.  The  gaskets  were  initially  made  from 
0.8  mm  thick  material  of  pressed  fiber  obtained  from  Fibreflex  Packing  and  f^'fg. 
Co.,  Phi  la.,  PA.  Toward  the  end  of  the  study,  the  downstream  gaskets  were  made 
from  0.6  mm  thick,  annealed  copper  in  order  to  increase  their  durability. 

The  experiments  were  instrumented  for  measurements  of  pressure  and  bed 
motion.  The  gas  pressure  driving  the  compaction  was  measured  by  a  piezoelectric 
transducer  at  the  orifice  between  the  reservoir  and  the  bed;  also,  a 
piezoelectric  transducer  was  usually  mounted  at  the  far  end  of  the  bed.  Bed 
motion  was  obtained  by  backlighting  the  apparatus  with  a  xenon  flash  and 
photographing  the  transmitted  light  through  transparent  disks  in  the  bed, 
usually  at  25.4  mm  increments.  The  major  advantage  of  this  technique,  as 
compared  to  flash  radiography  of  metallic  tracers  in  the  bed,  is  that  bed  motion 
at  each  disk  can  be  recorded  continuously  with  a  streak  camera  whereas  flash 
radiographs  are  obtained  at  a  few  (2-4)  distinct  times.  Unfortunately,  the 
disks  disrupt  the  compaction  process,  as  will  be  shown.  The  transparent  disk 
technique  was  suggested  by  S.  J.  Jacobs  of  NSWC  and  first  demonstrated  by  L. 
dreen  of  LLNL.^' 

The  gas  driven  compaction  data  are  summarized  in  Table  2.  The  C^'C  orefix 
for  the  shot  numbers  corresponds  to  cold  gas  comoaction,  in  contrast  to  the  rot 
ignitor  products  in  the  previous  IOC  experiments.  In  Table  2,  tne  values  for  u 
are  based  on  the  motion  of  the  first  disk  in  the  bed,  while  values  for  i',TM0^  are 
based  on  the  reduced  separation  between  the  first  pair  of  disks.  As  will  be 
shown,  each  value  for  U  is  an  average  over  the  entire  bed  length.  Some  of  the 
values  for  f.TMDf  are  based  on  the  average  separation  of  the  disks  after  the 
experiment  was  completed  and  the  apparatus  depressurized;  therefore,  the  bed  was 
elastically  unloaded  and  at  a  reduced  density.  The  preferred  measurements  of 
%TMDf  were  based  on  disk  separations  just  after  the  reflection  of  the  compaction 
front  at  the  far  end  before  the  apparatus  was  depressurized.  For  Teflon  7C  the 
difference  between  the  two  measurements  was  relatively  small,  indicating 
primarily  plastic  deformation  of  the  bed;  however,  for  the  one  WC  140  experiment 
(Shot  CGC-12)  with  both  measurements  of  %TMDf:,  the  relatively  large  difference 
suggests  that  the  deformation  was  primarily  elastic. 
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TABLE  2.  SUMMARY  OF  GAS  DRIVEN  COMPACTION  EXPERIMENTS 
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The  pressure  transducer  measurements  in  Figure  2a  and  the  streak  camera 
record  of  transparent  disk  motion  in  Figure  2b  illustrate  the  data  obtained  with 
this  apparatus.  The  transducer  near  the  driven  end  of  the  bed  (x  =  -15  mm) 
first  senses  a  pressure  of  2.5  MPa  from  the  gas  flowing  toward  the  bed,  just 
after  the  diaphragm  ruptures.  The  subsequent  pressure  rise  to  13.2  MPa  (Pgac  in 
Table  2)  is  from  the  retardation  of  the  gas  flow  by  the  compacting  bed.  This 
compaction  pressure  slowly  declines  up  to  1250  ws  as  the  compacting  bed 
increases  the  gas  volume.  Then  the  reflected  compaction  front  from  the  far  end 
arrests  any  further  bed  motion.  The  arrival  of  the  compaction  front  at  the  far 
end  and  the  propagation  of  the  reflected  wave  back  to  the  driven  end  are 
indicated  by  the  rapid  rise  in  pressure  by  the  far  end  transducer.  The  peak 
pressure  of  29.0  MPa  at  the  far  end  (p^  in  Table  2)  is  assumed  to  be 
characteristic  of  the  rearward  wave  that  both  arrests  the  bed  motion  and  further 
compacts  the  bed. 

In  Figure  2b  the  initial  movement  of  the  disks  indicates  arrival  of  the 
compaction  front,  and  the  rate  of  disk  movement  is  equivalent  to  the  particle 
velocity  of  the  compacted  bed.  Usually  the  particle  velocity  declines  with 
increasing  distance  from  the  driven  end,  whereas  the  compaction  front  velocity 
appears  to  remain  steady  (within  experimental  error^  The  decrease  in  particle 
velocity  can  be  attributed  to  wall  friction  as  well  as  to  the  reduction  in 
driving  pressure.  Particle  and  compaction  front  velocities  behaved  similarly  in 
the  IOC  experiments;  it  was  calculated  that  the  particle  velocity  was  more 
sensitive  to  pressure  than  the  compaction  front  velocity,^  which  may  explain  why 
the  compaction  front  velocity  does  not  appear  to  decline.  In  Figure  2b,  the 
extrapolation  of  the  compaction  front  to  the  driven  end  is  denoted  by  the  symbol 
(□),  and  to  the  far  end  by  symbol  (a).  The  same  symbols  are  plotted  in 
Figure  2a;  the  symbol  (□)  for  the  onset  of  compaction  precedes  the  major 
response  of  the  driven  end  transducer  because  it  is  mounted  -15  mm  from  the  end 
of  the  bed.  The  symbol  (a)  for  reflection  of  the  compaction  front  at  the  far 
end  corresponds  to  the  onset  of  rapid  pressurization.  In  Figure  2b,  the 
arrested  motion  of  the  last  two  disks  is  caused  by  the  rearward  wave.  Although 
this  was  more  clearly  seen  in  other  experiments,  the  change  in  disk  velocity  was 
generally  not  distinct  enough  to  define  the  velocity  of  the  rearward  wave. 

Compaction  values  obtained  from  jump  condition  calculations  (%TMD^  in 
Table  2)  show  reasonable  agreement  with  experimental  measurements  (%TmB^),  the 
differences  being  an  indication  of  experimental  accuracy.  Calculated  pressures 
(p^)  are  in  reasonable  agreement  with  gas  pressures  exerted  on  the  beds  (p(;/\5)» 
specifically  for  those  experiments  with  little  drag  on  the  inner  tube  wall’  ^As 
elaborated  in  following  discussions,  there  appeared  to  be  significant  wall  drag 
for  shots  involving  RTV  disks  or  a  bed  of  Fluid  A  powder. 

A  number  of  experiments  with  Teflon  7C,  packed  at  60.0%  TMD  (1.383  g/cm^) 
were  conducted  in  order  to  test  the  apparatus  and  to  determine  the  effect  of  the 
transparent  disks  on  the  compaction  process.  Two  types  of  disks  were  used. 
Pliable  disks  were  cut  from  a  cast  sheet  of  General  Electric's  RTV  615  (1.6  or 
1.0  mm  thick);  more  rigid  PMMA  disks  were  machined  from  2.2  mm  or  0.6-0. 8  mm 
thick  sheets.  The  RTV  615  was  first  chosen  as  a  disk  material  since  pressure 
exerted  on  the  faces  of  a  disk  causes  it  to  wet  the  inner  wall  of  the  tube, 
thereby  allowing  good  transmission  of  the  backlighting.  However,  the  good 
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FIGURE  2.  COMPACTION  OF  60.0%  TMD  (1.383  g/cm^)  TEFLON  7C,  SHOT  CGC-10.  IN  GAS  DRIVEN 
COMPACTION  APPARATUS,  a.  PRESSURE  TRANSDUCER  RESPONSES,  b.  DISK 
PATHS  FROM  STREAK  CAMERA  FILM 


contact  with  the  inner  tube  wall  caused  considerable  drag  and,  therefore,  loss 
of  transmitted  pressure  along  the  length  of  the  bed.  This  can  be  seen  in 
Table  2  by  comparing  the  pressures  (P, )  at  the  far-end  transducer  for  similar 
driving  pressures  (Pgac)  on  beds  with^RTV  disks  and  without  any  disks.  For 
example,  when  Pq.c  “  7  MPa,  the  peak  pressure  at  the  far  end  of  a  bed  containing 
four  1.6  mm  thick  RTV  disks  (Shot  C6C-4)  was  less  than  half  of  the  far-end 
pressure  in  a  bed  without  disks  (Shot  CGC-5).  A  similar  result  was  observed  for 
PcAc  =  13-14  MPa  (compare  Shots  CGC-6  and  7),  whereas  inclusion  of  2.2  mm  thick 
PMMa  disks  in  Shot  CGC-9  resulted  in  very  little  wall  drag.  Therefore,  in 
subsequent  tests  PMMA  disks  were  used,  and  following  Shot  CGC-14  the  disk 
thickness  was  decreased  to  0. 6-0.8  mm  in  order  to  further  reduce  disturbance  of 
the  compaction  process. 

The  effect  that  gas  flow  into  the  bed  has  on  the  compaction  process  was 
investigated  for  both  Teflon  7C  and  WC  140.  Gas  flow  was  most  restricted  in 
Shots  CGC-10  and  13  by  a  disk  on  the  end  of  the  bed,  whereas  gas  flow  was 
permitted  at  least  25.4  mm  into  the  beds  for  Shots  CGC-9  and  14  before 
restriction  by  a  disk.  The  observed  effects  on  compaction  of  Teflon  7C  and 
WC  140  differed,  but  were  small  enough  to  be  within  the  range  of  the  statistical 
nature  of  porous  beds  and  experimental  error. 

As  mentioned  in  the  Introduction,  compressive  reaction  can  occur  from  the 
rapid  particle  deformation  during  dynamic  compaction.  In  Shot  CGC-13  the  WC  140 
powder  reacted  no  sooner  than  4  ms  after  the  beginning  of  the  compaction 
process.  By  this  time  the  pressures  in  the  apparatus  were  nearly  equalized. 
Rather  than  ascribe  such  a  delayed  reaction  to  the  compaction  process,  it  is 
assumed  that  the  reaction  was  initiated  by  ball  powder  pinched  between  the 
junction  plate  and  the  Lexan  tube,  since  pinched  grains  were  recovered  from  the 
next  test  (Shot  CGC-14).  The  formation  of  a  gap  at  the  plate/tube  interface 
resulted  from  1)  stretching  of  the  19  mm  diameter  threaded  rods  which  clamp  the 
tube  to  the  plate  and  2)  a  reduction  of  the  tube  length  as  a  consequence  of  the 
interior  tube  pressure.  Pinching  should  occur  when  the  tube  and  plates  snap 
back  together  after  the  decline  of  the  high  dynamic  pressures.  For  experiments 
following  Shot  CGC-14,  rod  stretching  was  essentially  eliminated  by  replacing 
the  19.0  mm  diameter  threaded  rods  of  mild  steel  with  25.4  mm  diameter  hardened 
steel  bolts.  Although  there  was  still  evidence  of  porous  bed  particles  trapped 
between  the  tube  and  plates,  reaction  did  not  occur  in  the  porous  beds  of 
Fluid  A  and  TS  3660.  The  absence  of  reaction  in  TS  3660  is  notable  since  it 
contains  12.3*  NG  and,  therefore,  should  be  more  reactive  than  both  of  the 
nitrocellulose  powders,  assuming  that  other  factors  such  as  particle  size  are 
not  controlling.  However,  there  apparently  was  compaction  initiated  reaction  in 
the  WC  231  experiments.  The  data  for  WC  231  in  Table  2  were  obtained  prior  to 
ignition  and  are  probably  only  insignificantly  affected  by  the  buildup  of 
reaction  prior  to  ignition. 

Of  the  materials  that  were  compacted  dynamically,  only  recovered  samples  of 
TS  3660  were  evaluated  via  photomacrographs  by  W.  El  ban.  The  extent  of  particle 
deformation  in  Shots  CGC-16  and  17  was  similar  to  that  for  quasi-static 
compaction  to  about  the  same  stress  levels."  This  indicates  that  the  compaction 
mechanism  at  low  stress  levels  was  not  significantly  altered  by  a  substantial 
increase  in  the  rate  of  compaction  (roughly  five  orders  of  magnitude). 
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The  transparent  disk  technique  was  not  effective  for  recording  bed  motion 
in  the  Fluid  A  propellant  used  in  Shots  CGC-18  and  19.  Fine  particles  between 
the  edges  of  both  types  of  disks  and  the  inner  tube  wall  resulted  in  Him  images 
that  were  barely  visible  prior  to  compaction  and  persisted  for  less  than  100  us 
following  arrival  of  the  compaction  front.  The  nearly  equal  values  for  the 
calculated  compaction  in  Shots  C6C-18  and  19,  despite  significantly  different 
driving  pressures,  are  shown  in  the  Discussion  section  to  be  representative  of 
the  quasi-static  compaction  data  in  this  pressure  range.  Also,  for  Shot  CGC-18 
it  appears  from  the  attenuation  of  pressure  between  the  driven  end,  15.4  MPa, 
and  the  far  end,  1.7  MPa,  that  powder  caught  between  the  PMMA  disks  and  inner 
tube  wall  increased  the  drag  of  the  disks  considerably.  In  subsequent 
experiments  with  such  fine  powders,  flash  radiography  was  utilized  to  record  bed 
motion. 

PISTON  DRIVEN  COMPACTION  EXPERIMENTS 

The  PDC  experiment,  like  the  CGC  experiment,  is  designed  to  preclude  porous 
bed  reaction  by  any  source  other  than  high  strain  rate  deformation  from  porous 
bed  compaction.  The  schematic  of  the  original  apparatus  in  Figure  3  shows 
basically  a  powder  gun  for  launching  a  25.4  mm  diameter  x  305  im  long  Lexan 
piston  into  a  poroiis  bed,  which  is  confined  laterally  by  a  Lexan  tube.  The 
Lexan  tube  is  identical  to  that  used  in  the  previous  CGC  experiments,  except  for 
the  machining  on  one  end  for  attaching  it  to  the  barrel.  End  plates,  which  are 
connected  by  long  bolts,  clamp  the  Lexan  tube  to  the  steel  barrel.  The  piston 
is  driven  by  the  combustion  products  of  a  8/KNO3  ignitor  and  up  to  3.4  grams  of 
WC  231  reloading  powder.  The  velocity  of  the  piston  just  prior  to  impacting  the 
porous  bed  (v  )  is  experimentally  related  to  the  mass  (m)  of  the  WC  231  powder 
according  to  Vp(m/s)  =  70  +  63.3  m{g),  with  a  variation  of  ±10  m/s.  Slots 
through  the  steel/Lexan  joint  provide  openings  for:  1)  venting  air  between  the 
piston  and  porous  bed,  2)  observing  the  backlit  piston  prior  to  and  following 
piston  impact  of  the  porous  bed,  and  3)  inserting  a  trigger  pin  in  the  piston 
path.  The  tip  of  the  trigger  pin  is  pushed  away  by  the  piston,  instead  of  being 
sheared  off  and  then  driven  into  the  porous  bed;  the  contact  of  the  pin  by  the 
piston  turns  on  the  xenon  flash  for  backlighting  the  piston  and  triggers  any 
other  instrumentation.  In  order  to  observe  piston  motion  even  after  bed  impact, 
the  first  ~35  mm  of  the  piston  is  polished  and  then  circumferentially  scribed  at 
several  locations  in  order  to  interrupt  the  backlighting  at  those  locations. 

The  apparatus  was  modified  following  Shot  PDC-15  because  of  damage  to  the 
end  of  the  barrel  from  several  detonations  in  the  porous  beds.  The  assembly 
drawing  of  the  apparatus  in  Figure  4  shows  these  modifications  as  well  as  the 
actual  vertical  orientation  of  the  apparatus  during  an  experiment.  The  damaged 
end  of  the  barrel  was  removed  and  the  new  end  was  threaded  for  a  replaceable 
barrel  extender.  A  25.4  mm  thick  steel  plate  at  the  muzzle  end  of  the  barrel 
further  protects  it  from  violent  reactions.  Slots  in  the  steel/Lexan  joint  in 
the  original  apparatus  were  shifted  entirely  to  the  barrel  extender  in  order  to 
avoid  stress  cracks  which  developed  in  the  slotted  Lexan  tubes.  An  additional 
trigger  pin  was  added  to  assure  that  the  xenon  flash  for  backlighting  is  turned 
on  before  the  piston  reaches  the  slots  in  the  barrel  extender. 

Lexan  confinement  tubes  were  suitable  for  both  photographic  and  flash 
radiographic  instrumentation,  which  was  particularly  helpful  for  observing 
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ignition  and  reaction  buildup.  However,  the  expansion  of  the  Lexan  tubes 
required  a  correction  to  the  compaction  data  that  was  significant  for  higher 
stresses.  In  order  to  circumvent  uncertainty  of  the  correction,  an  apparatus 
was  designed  which  increased  bed  confinement  while  still  permitting  flash 
radiography  of  the  core  of  the  porous  bed.  A  schematic  of  this  intermediate 
confinement  arragement  in  Figure  5  shows  the  porous  bed  in  a  thin  (3.2  mm)  wall 
aluminum  tube  that  is  supported  (note  Section  F-F)  along  approximately  half  of 
its  outer  wall  by  steel  bars. 

The  PDC  data  are  summarized  in  Table  3.  The  bed  lengths  varied  from  120.6 
to  146.1  mm.  In  all  experiments,  except  Shots  PDC-16  and  17,  a  transparent  disk 
covered  the  driven  end  of  the  barrel  to  maintain  bed  integrity  and  to  avoid  the 
injection  of  hot  compressed  air  into  the  bed  by  the  piston.  These  disks  were 
nominally  0.8  mm  thick,  except  for  those  experiments  involving  PRXW-109(E),  for 
which  the  disks  were  12.7  mm  thick  and  held  in  place  with  fast  setting  epoxy. 

This  was  necessary  because  the  "spring-back"  of  the  bed  after  loading  would 
otherwise  push  the  disk  out  of  the  confining  tube  and  change  the  initial  bed 
density. 

The  transparent  disk  technique  for  obtaining  compaction  data  in  Shots 
PDC-2,  3,  12,  and  13  involved  both  0.7-1. 7  mm  thick  PMMA  disks  and  1.0  mm  thick 
RTV-615  disks  in  each  experiment.  When  photographing  Shots  PDC-2  and  3  with  a 
framing  camera,  the  RTV  disks  remained  visible  despite  significant  tube 
deformation,  whereas  the  light  transmission  through  the  PMMA  disks  failed. 
However,  even  with  the  limited  field  of  view  of  the  streak  camera,  the  PMMA 
disks  were  more  visible  than  the  RTV  disks  in  Shot  PDC-12,  perhaps  because  the 
stiffer  PMMA  disks  allowed  less  shifting  of  the  WC  231  bed.  (WC  231  particles, 
as  well  as  the  other  propellant  particles  listed  in  this  report,  flow  easily.) 

The  streak  images  of  both  the  PMMA  and  RTV  disks  ended  once  the  disks  began 
moving  in  Shot  PDC-13.  For  the  relatively  mild  piston  impacts  in  Shots  PDC-6, 

9,  and  20,  clear  streak  images  of  the  0.7-1. 7  mm  thick  PMMA  disks  were  recorded 
for  Shots  PDC-6  and  9,  but  not  in  Shot  PDC-20  once  the  disks  began  moving.  As 
in  Shot  PDC-13,  the  transparent  disk  technique  in  several  DDT  experiments 
provided  no  data  other  than  the  arrival  time  of  a  strong  compaction  wave.  In 
view  of  the  incompatibility  of  the  transparent  disks  with  the  typically  stronger 
compaction  waves  in  PDC  as  compared  to  CGC  experiments,  most  PDC  data  were 
obtained  by  flash  radiography. 

The  measurement  of  porous  bed  compaction  via  flash  radiography  is  actually 
based  on  the  displacement  of  small  metallic  tracers  packed  into  the  bed  at 
6.4  mm  increments.  They  consisted  of  either  tungsten  wires  (O.-i  mm  diameter  by 
12.5  or  22.9  mm  long)  or  lead  disks  (6.4  mm  diameter  by  n.04  mm  thick).  In 
order  for  the  lead  disks  to  retain  their  position  and  shape,  they  were  not  used 
in  beds  with  particles  significantly  larger  than  the  thickness  of  the  disks. 
Following  the  IDC  experiments,  the  flash  radiography  system  was  expanded  from 
two  to  four  channels.  Since  each  listing  of  compaction  data  in  Table  3  is  from 
the  tracer  displacement  between  sequential  pairs  of  radiographic  exposures,  four 
radiographs  will  provide  three  sets  of  data.  When  more  than  one  set  of  data  was 
obtained  for  an  experiment,  the  data  are  listed  in  Table  3  in  the  order  of  the 
radiographic  exposures;  that  is,  the  first  listing  of  data  is  for  compaction 
near  the  driven  end  of  the  bed.  For  Shot  PDC-20,  both  data  gathering  techniques 
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TABLE  3.  SUMMARY  OF  PISTON  DRIVEN  COMPACTION  EXPERIMENTS 


initial  conditions 


OBSERVATIONS* 


CALCULATIONS 


POROUS  BED 

material 


Class  0  HMX  73.0 


A,  DISKS 


B,  X-RAY 


A,  DISKS 


.3  A,  DISKS 


B,  X-RAY 


B,  X-ray 

C,  X-RAY 
B,  X-RAY 


B,  X-RAY 


'0 

B,  DISKS 

:o 

B,  X-RAY 

■3 

6,  X-RAY 

P8XH-109(E)  75.0 

'6 

B,  X-RAY 

11 

8.  X-RAY 

12 

C,  X-RAY 

8  0. 

2  0. 


Apparatus:  A.  Fisure  3,  B.  Figure  4,  C.  Figure  5 
Instrumentation;  DISKS  Same  as  in  CGC  experiments 

X-RAY  Flash  radiography  of  tracers 
V-  «  Piston  velocity  iust  prior  to  impact 


75.9 

78.3 

78.3 


- 

- 

0.25 

YES 

0.11 

YES 

YES  I  72.3 


.2  94.3 

.9  118.9 


Itqj  •  Quasi-steady  strain  in  outer  tuoe  wall 

See  Taele  2  or  Nomenclature  for  undefined  column 
headings. 
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were  utilized;  the  transparent  disk  data  for  the  driven  end  of  the  bed 
reasonably  agree  with  the  first  set  of  flash  radiographic  data. 

As  an  example  of  flash  radiographic  data,  the  displacement  (ax)  of  the  lead 
disks  in  the  four  radiographs  from  Shot  PDC-41B  are  plotted  in  Figure  6.  For 
each  radiograph,  the  location  of  the  compaction  front  is  determined  by  the 
intersection  of  a  line  through  the  various  tracer  displacements  (least  square 
fit  analysis  usually  performed  on  the  first  six  tracers  behind  the  front)  and 
the  horizontal  axis  of  the  plot,  which  corresponds  to  no  displacement  of  the 
bed.  For  one-dimensional  analysis,  the  slope  (s)  of  that  line  through  the 
displaced  x-ray  tracers  is  related  to  the  reduced  separation  between  the  tracers 
and,  therefore,  the  bed  density:  %TM0p  =  %TMDq/(1  +  s).  The  values  reported 
for  %TMDj.  in  Table  3  are  averaged  for  two  adjacent  radiographs,  since  U  and  u 
are  determined  from  front  and  particle  movement,  respectively,  between  adjacent 
radiographs. 

While  conducting  these  experiments,  it  was  realized  that  the  compaction 
data  at  the  higher  stresses,  relative  to  the  stresses  in  the  ignitor  and  gas 
driven  compaction  experiments,  were  affected  by  the  limitations  of  Lexan  tube 
confinement.  Even  without  porous  bed  reaction,  the  stresses  were  high  enough  to 
cause  significant  tube  expansion  or  even  tube  rupture.  According  to  the  framing 
camera  record  of  the  backlit  apparatus  in  Shot  PDC-2,  the  ~120  MPa  stress  in  the 
Teflon  7C  caused  the  inner  wall  of  the  Lexan  tube  to  expand  and  to  crack 
immediately  behind  the  compaction  front;  the  tube  ruptured  before  the  compaction 
front  reached  the  far  end.  The  slower  piston  velocity  in  Shot  PDC-3  (with 
melamine)  did  not  result  in  visible  tube  deformation,  yet  a  comparison  of  the 
compaction  data  with  quasi-static  data  (see  Discussion)  suggests  significant 
expansion  of  the  Lexan  tube.  A  worse  case  for  tube  expansion  is  shown  in 
Table  3  for  two  experiments  with  -D.28  mm/ys  piston  impacts  of  75%  TMD 
P8XW-109(E);  the  apparent  compacted  density  in  Lexan  tube  Shot  PDC-31  was  112.8% 
TMD  versus  the  more  reasonable  value  of  102.1%  TMD  in  the  increased  confinement 
of  Shot  POC-42.  A  scheme  for  correcting  the  Lexan  tube  compaction  data  is 
presented  in  the  Discussion. 

In  previous  I0C^»^  and  some  PDC  experiments,  strain  gages  (SOs)  were 
circumferentially  mounted  on  the  Lexan  tubes  to  measure  pressures  indirectly  in 
the  porous  beds,  since  any  direct  measurement  is  both  difficult  and  expensive. 
For  the  Lexan  tubes  utilized  in  the  previous  and  present  studies,  the  SG 
measurement  of  outer  wall  strain  (e)  is  proportional  (92.7  MPa/%e)  to  the  inner 
wall  stress  (p^)  up  to  the  28  MPa  elastic  limit  of  the  inner  wall.^  In  Shot 
PDC-6  the  SG  signature  from  a  compaction  wave  was  obtained  in  order  to  aid 
interpretation  of  SG  data  from  DOT  and  IDC  experiments,  where  gas  pressure  is 
also  involved.  Although  the  SG  in  Shot  PDC-6  began  responding  before  the  CF 
arrived  at  its  location  and  then  understated  the  rate  of  pressure  rise  for  the 
compaction  wave,  the  Py^  after  the  passage  of  the  compaction  wave  nearly  equalled 
the  calculated  jump  pressure.^  In  many  of  the  subsequent  PDC  experiments,  SGs 
were  mounted  at  the  same  63.5  mm  position  as  in  Shot  PDC-6.  When  obtained,  the 
quasi-steady  values  of  strain  (Cgg),  following  passage  of  the  compaction  wave, 
are  reported  in  Table  3;  conversion  of  e  to  p^^  is  not  shown  since  the  elastic 
limit  of  the  tube  was  often  exceeded. 
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As  an  example,  plots  of  e  versus  t  are  shown  in  Figure  7  for  three  HMX 
experiments.  For  the  least  energetic  impact  (Shot  pr)C-21)  the  SG  responds  much 
as  in  Shot  POC-6;  that  is,  the  SG  responds  before  the  CF  reaches  its  location 
and  then  understates  the  rate  of  pressure  rise.  After  500  us  there  is  a  decline 
in  e  followed  by  an  increase  that  is  associated  with  the  rearward  wave  from 
reflection  of  the  CF  at  the  rigid  far  boundary,  which  is  typical  for  nonreacting 
beds.  In  contrast,  the  fairly  rapid  increase  in  e  after  400  us  for  Shot  PnC-25, 
a  more  energetic  impact  of  the  HMX,  results  from  reaction.  In  Shot  PDC-22,  the 
most  energetic  impact  of  the  HMX,  the  e  never  becomes  quasi-steady  or  reaches  a 
plateau  because  of  reaction.  Thus  the  SG  data  were  helpful  in  determining  when 
reaction  became  significant  enough  to  influence  the  compaction.  Also,  e^g  will 
be  used  for  correcting  the  compaction  data  for  tube  deformation.  ^ 

For  those  experiments  which  exhibited  compaction-initiated  reaction  (noted 
in  Table  3),  the  listed  compaction  data  are  presumably  not  significantly 
affected  by  the  reaction.  In  all  cases,  the  data  are  from  the  vicinity  of  the 
compaction  front  (see  Figure  6),  whereas  any  growth  of  reaction  first  occurred 
at  the  driven  end.  Even  then,  compaction  data  are  reported  only  if  the  growth 
of  reaction  did  not  significantly  change  the  compaction  parameters  near  the 
front.  For  example,  the  third  set  of  Shot  PDC-30  data  in  Table  3  shows  slight 
increases  in  both  u  and  U,  probably  from  the  slowly  reacting  explosive  near  the 
driven  end  of  the  bed.  Aspects  of  the  data  related  to  reaction  and  its  buildup 
are  discussed  in  References  15  and  16  for  several  of  the  materials.  Compaction- 
initiated  reaction  limits  the  stress  (generally  <100  MPa)  which  can  be  applied 
to  porous  energetic  materials  in  order  to  obtain  dynamic  compaction  data. 
Experiments  on  WC  231  and  Class  0  HMX  at  piston  velocities  of  0.19  and  0.267 
mm/uS,  respectively,  resulted  in  such  prompt  reaction  that  compaction  data  were 
not  obtained. 

RAMP  LOADED  COMPACTION  EXPERIMENT 

An  apparatus  was  developed  to  compact  a  porous  bed  with  a  continuously 
increasing  pressure  pulse  similar  to  that  during  DDT  buildup.  This  ramp 
pressure  generator  was  also  designed  for  photographic  recording  by  a  synchronous 
camera  in  order  to  take  advantage  of  the  excellent  images  obtained  with  the 
Jacobs  framing  camera. Synchronization  was  possible  because  detonation 
product  gases  were  used  to  accelerate  a  Teflon  plug  into  the  porous  bed.  The 
rate  of  formation  of  the  detonation  product  gases  and  their  confinement  was 
controlled  in  such  a  way  as  to  avoid  shock  wave  damage  of  the  porous  bed 
confinement  and  disruption  of  the  optical  system. 

The  apparatus  shown  in  Figure  8  was  successfully  used  to  ramp  load  a  porous 
bed  of  Teflon  7C.  The  driver  section  contains  an  explosive  helix  in  a  well- 
confined  free  volume  of  about  40  cm^  that  is  separated  from  the  test  section  by 
a  Teflon  plug.  The  explosive  helix,  consisting  of  a  strip  of  explosive  wound 
into  a  helical  groove  in  a  Lexan  support  rod,  provides  a  gentle  push  for  the 
plug  by  spreading  the  formation  of  detonation  products  over  a  time  period  of 
about  80  us.  Inserting  the  explosive  into  the  groove  (2.5  mm  wide  x  2.5  mm 
deep  X  -157  mn  long)  prevents  detonation  product  gases  from  breaking  the 
explosive  strip  and  thereby  terminating  the  propagation  of  detonation  at  the 
next  helical  turn.  The  use  of  a  Lexan  rod  sufficiently  isolates  the  helical 
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FIGURE  7.  PERCENT  STRAIN  OF  LEXAN  TUBE  CIRCUMFERENCE  AT  63.5  mm  VERSUS  TIME 
DURING  COMPACTION  OF  CLASS  D  HMX 
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FIGURE  8.  RAMP  PRESSURE  GENERATOR  USED  TO  COMPACT  TEFLON  7C  POWDER 
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turns  from  damage  by  shock  waves  in  the  rod.  Of  the  two  explosives  used, 
PBXN-301  and  Detasheet,  the  PBXN-301  was  more  reliable  for  supporting  detonation 
along  the  helix.  As  shown  in  Figure  8,  the  explosive  is  initiated  by  2.5  gr/ft, 
mild  detonating  fuse  (MDF)  that  is  inserted  into  an  axial  hole  extending  from 
the  detonator  holder  to  the  end  of  the  support  rod.  The  latter  is  designed  with 
a  radial  slot  so  the  MDF  can  bend  and  contact  the  explosive  in  the  helix.  The 
MDF  was  initiated  by  an  exploding  bridgewire  detonator. 

During  preliminary  tests  of  the  ramp  pressure  generator,  the  motion  of  the 
25.4  mm  diameter  Teflon  plug  was  observed  as  it  was  propelled  into  air,  without 
the  test  section  attached,  in  order  to  characterize  the  driver  system.  The  two 
tests  involving  the  final  configuration  shown  in  Figure  8  had  different 
explosive  weight  to  volume  ratios.  The  first  test.  Shot  JK-052,  had  a  driver 
section  volume  of  41.3  cm^,  including  the  explosive.  The  weight  of  the  PBXN-301 
was  5.90  g  (4.72  g  PETN  +  1.18  g  inert),  which  represents  an  explosive  weight  to 
volume  ratio  (w/v)  of  0.114  g/cm^.  This  loading  corresponds  to  a  closed  bomb 
pressure  of  152  MPa,  which  was  not  expected  to  be  realized  but  is  useful  for 
comparison  with  other  driver  loadings.  The  Teflon  plug,  weighing  29.4  g, 
reached  a  maximum  and  fairly  constant  acceleration  of  9.09  x  10“^  cm/ys^  in 
30-40  ys,  corresponding  to  a  pressure  of  53  MPa.  In  the  next  test.  Shot  JK-n53, 
the  volume  of  the  driver  section  was  reduced  to  27.2  cm^,  in  order  to  increase 
the  maximum  pressure.  This  was  accomplished  by  inserting  a  146  mm  long 
cylinder,  consisting  of  ten  turns  of  0.13  mm  thick  Mylar  film,  against  the  inner 
wall  of  the  chamber.  The  weight  of  PBXN-301  was  5.27  g  (4.22  g  of  PETN), 
slightly  less  than  in  the  previous  test  due.to  differences  in  loading 
technique.  The  resulting  w/v  of  0.155  g/cm^  corresponds  to  a  closed  bomb 
pressure  of  207  MPa.  A  maximum  acceleration  of  1.014  x  10"^  cm/ys^  for  the 
Teflon  plug  was  reached  with  no  detectable  delay,  corresponding  to  a  pressure  of 
61  MPa.  The  nearly  constant  pressure  in  both  tests  is  the  result  of  a  constant 
ratio  between  the  amount  of  reacting  explosive  and  the  immediate  volume 
encompassed  as  the  detonation  travels  along  the  helix. 

In  Shot  JK-054,  the  complete  system  shown  in  Figure  8  was  used  with  Teflon 
7C  powder  packed  to  a  density  of  1.386  g/cm^  or  60.1%  TMD.  The  weight  of 
PBXN-301  in  the  driver  section  was  6.00  g  (4.80  g  of  PETN).  The  w/v  ratio  of 
0.116  g/cm^  corresponds  to  a  closed  bomb  pressure  of  155  MPa.  Transparent  disks 
of  PMMA  (2.2  mm  thick)  were  placed  at  25.4  mm  intervals  within  the  thick-walled 
(25.4  mm  inner  diameter)  PMMA  cylinder,  starting  at  the  Teflon  plug.  The  last 
interval,  however,  was  only  14.9  mm.  A  0.75  mm  PMMA  disk  was  placed  in  the  next 
to  last  interval,  about  halfway  between  the  2.2  mm  disks,  to  see  if  thinner 
disks  could  be  used  with  this  technique.  Light  was  supplied  by  exploding  a  152 
mm  long,  0.05  mm  diameter  tungsten  wire  within  a  1.5  mm  bore  capillary  tube, 
that  was  located  150  mm  behind  the  rear  surface  of  the  PMMA  cylinder  and 
parallel  to  its  axis.  The  energy  came  from  the  discharge  of  a  56  yF  capacitor 
charged  to  5  kV. 

Position-versus-time  plots  of  all  seven  optical  disks  are  shown  in 
Figure  9.  Ramp  loading  on  the  end  of  the  bed  occurs  over  a  time  interval  of 
200  ys  according  to  the  increasing  velocity  of  the  first  disk.  After  that,  the 
steady  0.114  mm/ys  particle  velocity  of  the  disk  indicates  constant  pressure  on 
the  end  of  the  bed.  Since  the  compressive  waves  from  the  top  of  the  ramp  travel 
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FIGURE  9.  DISTANCE-TIME  TRACES  OBTAINED  FROM  PMMA  OPTICAL  DISKS  IN  60.1% 
TMD  TEFLON  7C  USING  THE  RAMP  PRESSURE  GENERATOR,  SHOT  JK-054 
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faster  than  the  initial  waves,  the  ramp  tends  to  steepen  with  time.  Thus,  the 
porous  bed  adjacent  to  the  second  disk  is  ramp  loaded  for  only  50  ys.  By  the 
time  the  wave  front  reaches  the  third  disk  at  50  mm,  the  abrupt  increase  in  disk 
velocity  indicates  the  end  of  any  ramp  loading.  The  dashed  line  in  Figure  9 
demarcates  the  approximate  buildup  of  compaction  front  velocity.  Following  the 
ramp  loading,  there  is  a  steady  particle  velocity  of  0.112-0.115  mm/ys  and  a 
steady  compaction  front  velocity  of  0.313  mm/ys  as  the  now  abrupt  compaction 
front  (as  in  a  PDC  experiment)  propagates  to  the  far  end  of  the  bed.  The 
reduced  separation  between  disks  indicates  compression  of  the  Teflon  7C  to  95.3% 
TMO,  which  is  in  good  agreement  with  the  jump  condition  calculation  (using  u  = 
0.114  mm/ys)  of  %TM0|j  =  94.6.  A  calculated  jump  pressure  of  49.6  MPa  is  nearly 
identical  to  the  maximum  53  MPa  pressure  which  accelerated  the  unrestrained 
Teflon  plug  in  Shot  JK-052. 

SHOCK  DRIVEN  COMPACTION  EXPERIMENTS 

In  two  experiments,  an  explosively  driven  shock  wave  was  used  to  compact 
the  porous  bed.  The  schematic  of  the  apparatus  in  Figure  10  uses  the  shock  wave 
originating  from  a  NOL  Large  Scale  Gap  Test  donor/attenuation  system,  with  the 
diameter  of  the  donor  end  of  the  gap  reduced  in  order  to  fit  into  the  confining 
tube.  Assuming  no  effect  from  this  modification,  the  peak  pressure  at  the  end 
of  the  71,1  mm  long  gap  would  be  1.01  GPa.  The  loading  of  the  PMMA  tube  and  the 
recording  of  the  compaction  process  are  essentially  the  same  as  in  the 
previously  discussed  ramp  loaded  experiment. 

The  first  experiment.  Shot  JK-048,  involved  coarse-grain  sucrose  of  random 
particle  size  packed  to  a  density  of  1.0  g/cm'^  (63.0%  TMD)  in  a  102  mm  long 
tube.  A  2  tmi  thick  disk  of  RTV  615  was  located  between  each  of  the  four  20  mm 
increments  of  sucrose  and  on  each  end  of  the  bed.  The  distance-time  traces  for 
the  disks  in  Figure  11  show  the  particle  and  compaction  front  velocities 
decreasing  with  time.  Changing  disk  separations,  caused  by  the  significantly 
varying  particle  velocities,  did  not  permit  a  direct  measurement  of  compaction; 
however,  both  compaction  and  pressure  from  jump  condition  calculations  (p^  =  0) 
are  listed  below  for  each  disk.  Surprisingly,  compaction  appears  to  be  a  weak 
function  of  pressure. 


Disk  No. 

u(mm/ys) 

U(mm/ys ) 

%TMD^ 

P^,(MPa) 

1 

0.107 

0.54 

78.5 

57.8 

2 

0.089 

0.45 

78.5. 

40.1 

3 

0.069 

0.39 

76.5 

26.9 

4 

0.064 

0.35 

77.1 

22.4 

For  the  next 

experiment.  Shot 

JK-056,  a  porous  bed  of 

60%  TMO  Teflon  7C  was 

selected  in  order 

to  compare  compaction  data  with 

Teflon  7C 

data 

from  other 

arrangements.  To 

investigate  the 

possibility  that 

the  RTV 

disk/wall  friction 

was  significant  in 

the  previous  experiment,  transparent  disks  of 

PMMA  were  used. 

f-v 

•'''0 

•  '  • 


25 


(UJUl)X 


NSWC  TR  83-246 

The  149  mm  long  confining  tube  was  packed  with  five  24.65  mm  increments  of 
Teflon  7C,  with  0.75  mm  thick  disks  separating  each  increment  and  on  each  end  of 
the  bed.  The  15  mm  space  beyond  the  last  transparent  disk  was  filled  with  low 
density  Teflon  7C,  which  projected  about  0.5  mm  above  the  end  of  the  PMMA  tube. 

The  distance-time  traces  shown  in  Figure  12  for  Shot  JK-056  were 
disappointing  because  of  the  early  failure  of  the  light  transmission  through  the 
test  section.  Only  the  first  disk  moved  a  reasonable  distance,  with  a  velocity 
of  0.0993  mm/us,  before  the  light  transmission  ended;  the  second  disk  had  just 
started  to  move,  and  subsequent  disks  had  not  moved  yet.  The  initial  motion  of 
the  first  two  disks  indicates  a  compaction  front  velocity  of  0.267  mm/ys.  Jump 
condition  calculations  yield  %TM0^  =  95.5  and  p^  =  36.8  MPa. 

The  failure  of  the  light  in  Shot  JK-056  was  probably  caused  by  detonation 
products  spanning  the  gap  and  impacting  the  bottom  of  the  tube.  The  far  end  of 
the  tube  had  begun  to  move  90  us  after  the  initial  motion  of  the  first  disk, 
whereas  there  was  no  motion  observed  for  the  final  (sixth)  disk  even  after 
500  us.  Apparently,  the  PMMA  tube  was  both  set  into  motion  and  expanded,  so 
that  it  could  slide  over  the  core  of  Teflon  7C  without  setting  it  into  motion. 
When  the  compaction  process  reached  each  disk  position,  the  expanded  tube  would 
permit  some  Teflon  7C  to  flow  around  the  edges  of  the  disk,  thus  blocking  the 
light. 
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FIGURE  12.  DISTAIMCE-TIME  TRACES  OBTAINED  FROM  PMMA  OPTICAL  DISKS  IN  60%  TMD 
TEFLON  7C  USING  GAP  TEST  ARRANGEMENT.  SHOT  JK-056 
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CHAPTER  3 


DISCUSSION 


Materials  that  were  compacted  fall  into  two  distinct  groups:  P8Xs,  which 
were  essentially  compacted  to  TMD  at  the  lowest  pressures  of  interest,  and  non- 
PRXs,  which  still  contained  porosity  at  the  highest  experimental  pressures.  For 
most  of  the  non-PBXs  there  are  quasi -static  measurements  for  comparison  with  the 
dynamic  data,  whereas  comparable  measurements  were  not  conducted  for  the  PBXs. 
Therefore,  the  data  for  the  two  groups  of  materials  will  be  analyzed  and 
discussed  separately. 

The  dynamic  data  for  the  non-PBXs  are  summarized  in  Table  4,  along  with 
suggested  corrections  for  data  obtained  in  the  low  confinement  of  Lexan  tubes. 

To  be  consistent  with  Elban's  reporting  of  quasi-static  measurements,  the  porous 
bed  pressure  (p^)  is  converted  to  the  average  solid  stress: 

{100  p^,/%TMD^,  ,  %THD^  <  100 

Ph  ♦  %tmo^,2.ioo  .  (3) 

For  compaction  pressures  >40  MPa,  deformation  of  a  Lexan  tube  is  large 
enough  to  require  correction  of  compaction  data  obtained  from  axial  displacement 
of  x-ray  tracers  or  transparent  disks.  Even  a  small  increase  in  tube  diameter, 
if  unaccounted  for,  results  in  a  significant  increase  in  axial  compaction.  The 
corrected  (one-dimensional)  data  are  useful  for  comparison  with  the  quasi -static 
data  obtained  in  a  hardened  steel  mold  and  the  observations  of  dynamic 
compaction  during  DDT  in  a  steel  tube  arrangement.  Presumably  there  was 
significant  deforming  of  the  three  PMMA  tubes  that  were  used,  but  no  correction 
to  the  data  was  attempted  because  of  their  limited  use  and  the  absence  of  strain 
gage  measurements.  Corrections  to  the  Lexan  tube  data  assumed  that  the  bed 
diameter  in  the  compacted  region  (d)  had  increased  uniformly  from  its  original 
diameter  (d  =  25.4  mm).  Equations  (1)  and  (2)  for  the  jump  condition  can  be 
approximately  modified  to  account  for  tube  expansion  by  the  additional  terms 
shown  in  parentheses: 


%TMD  = 


Po  ^ 


MD  U  /d 

/  2d  ^  \ 


30 


NSWC  TR  83-246 

TABLE  4.  SUMMARY  OF  NON-PBX  COMPACTION  DATA  WITH  SUGGESTED  CORRECTIONS 
FOR  LEXAN  TUBE  EXPANSION 


UNCORRECTEO  DAU 

CORRECTED  DATA^ 

POROUS  BED 
MATERIAL 

SHOT  NO.*  1 

Ph  ’i 

tTMD,.  (MPa)  (MPa' 

:Pw  •  Ph!  (Pt,  »  'gsl 

ITMD  T.  tTMD  Ti 

PDC-41A 

-17 

-16 

melamine 

.1 

15.7 

19.8 

1 

3 

7.8 

43.6 

8 

7 

7.5 

82  .4 

"t 

2.7 

77.4 

\  8 

teflon  7C 


2 

‘  65.1 

11.4 

3 

;  67.3 

4 

;  67 .6 

17.5  I  64.1 
34.U  I  65.2 

26.5  I  66.0 


8 

6.3 

9 

3 

10.3 

15 

1 

20.5 

29 

7 

18.6 

26 

35.8  I  71.3 


CLASS  0  HWX  POC-25 


SHOT  NO.  identifies  tne  experimental  arrangement  except  as  noted 
1.  IOC,  2.  RLC,  3.  SDC 

Data  corrections  for  Peds  packed  in  Lexan  tubes 
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Evaluation  of  those  terms  in  parentheses  indicates  that  the  correction  has  more 
influence  on  the  extent  of  compaction  than  on  compaction  pressure. 

The  values  for  d  were  arrived  at  in  two  ways.  Both  methods  assume  elastic 
strain  and  plane  stress  in  a  thick-wal 1 ed  cylinder,  although  the  inner  wall 
region  undergoes  plastic  deformation  in  the  pressure  range  of  interest.  The 
equations  used  for  both  methods  can  be  derived  from  the  equations  in  /\ppendix  ^ 
of  Reference  20.  One  method  assumes  isotropic  pressure  in  the  compacted  region; 
that  is,  the  pressure  on  the  inner  wall  (p^^)  is  the  same  as  the  calculated  jump 
condition  pressure  (p^).  In  this  case, 

[{1  -  v)d  ^  +  (1  +  v)d  ^]p. 

- 2 - ^ - S - i  _  (6) 

where  v  =  0.4  is  Poissons  ratio,  d^  =  76  mm  is  the  outer  diameter  of  the 
cylinder,  and  Ey  =  2.38  x  10^  i^Pa  is  Young's  modulus  of  elasticity  for  Lexan. 

The  other  method  determines  d  from  strain  gage  measurements  of  tangential  strain 
(e^g)  at  the  outer  tube  wall; 

d  =  [(1  -  +  (1  +  '^)dg^]  d^  ,  (7) 

where  values  for  e  are  listed  in  Table  3. 

The  magnitude^of  the  corrections  for  data  obtained  in  Lexan  tubes  is 
demonstrated  in  Figure  13a,  where  the  dynamic  data  in  Table  4  for  melamine  are 
plotted  with  Elban's  quasi-static  data.  The  corrections  primarily  affect  the 
extent  of  compaction,  those  corrections  becoming  large  at  the  higher  stresses 
(~9%  TMQ  at  80  MPa).  Without  accounting  for  tube  expansion,  the  melamine 
appears  easier  to  compact  dynamically  than  quasi -statical ly,  which  is  contrary 
to  expectation.  When  tube  expansion  is  considered  by  assuming  p  =  py^,  the 
results  suggest  that  melamine  is  much  more  difficult  to  compact  dynamically. 

The  actual  dynamic  data,  however,  are  most  likely  represented  by  the 
intermediate  confinement  results.  Those  results  closely  agree  with  the  quasi¬ 
static  data,  and,  therefore,  indicate  little  strain  rate  dependence.  The  over¬ 
correction  of  the  Lexan  tube  measurements  results  from  p,^  not  being  as  great  as 
pu.  According  to  measurements  of  tube  strain  during  other  experiments, 
p^  =  1/2  py^  for  Fluid  A  and  HMX  whereas  p^  =  Py^  for  Teflon  7C  and  the  PBXs. 
Melamine  apparently  behaved  like  Fluid  A  and  HMX,  and  the  assumption  that 
Pw  =  Py,  is  an  upper  limit  to  the  correction  of  the  Lexan  tube  measurements. 

For  sucrose  and  tetryl,  quasi-static  data  are  not  available  for  comparison 
with  the  dynamic  data.  When  plotted  with  the  melamine  data  in  Figure  13a, 
sucrose  is  shown  to  be  more  resistant  to  compaction.  Actually,  sucrose  is  even 
more  difficult  to  compact  than  shown,  since  those  measurements  are  not  corrected 
for  expansion  of  the  PmmA  tube  which  confined  the  bed.  The  single  data  point 
for  tetryl  is  not  plotted  because  of  the  uncertainty  in  the  rather  large 
correction  for  Lexan  tube  expansion. 

Teflon  7C  was  compacted  by  all  techniques  discussed  in  this  report,  and  in 
the  earlier  IOC  experiments.  Despite  the  scatter  in  the  plotted  data  in 
Figure  13b,  there  is  no  indication  that  the  dynamic  data  were  significantly 
influenced  by  the  various  compaction  techniques.  The  plotted  data  from  Lexan 
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FIGURE  13.  COMPACTION  DATA  FOR  INERT  MATERIALS. 
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tube  experiments  are  corrected  for  tube  expansion  assuming  p^  =  p^^,  which  is 
reasonable  according  to  two  measurements  of  tube  strain.  In  any  case,  the 
corrections  are  relatively  small  compared  to  those  for  the  melamine  experiments. 
since  the  stresses  are  much  lower.  When  comparing  the  dynamic  and  quasi -stati c' 
data  in  Figure  13b,  it  is  observed  that  Teflon  7C  is  noticeably  more  difficult 
to  compact  dynamically.  This  is  consistent  with  the  compaction  rate  dependence 
for  Teflon  7C  that  was  modeled  by  Coyne  and  El  ban. 

The  compaction  data  for  the  single-  and  double-base  propellants  are  plotted 
in  Figures  14a  and  14b,  respectively.  When  strain  gage  measurements  were 
available,  they  were  used  in  correcting  the  data.  Otherwise,  the  corrections 
were  made  by  assuming  p^  =  pu.  The  dynamic  data  are  in  reasonable  agreement 
with  Elban's  quasi-static  data,^  except  for  WC  231.  The  apparent  compaction 
rate  sensitivity  of  WC  231,  as  well  as  its  ease  of  compaction,  may  be  due  to  the 
high  nitroglycerin  content  and/or  the  rolling  process  that  deformed  the 
particles  during  manufacture  (the  other  propellants  were  not  rolled). 

The  dynamic  and  quasi-static^^»^^  data  for  Class  0  HMX  are  plotted  in 
Figure  15.  Since  tube  strain  was  not  measured  in  Shot  PDC-22,  the  plot  shows 
both  the  uncorrected  datum  and  the  rather  large  correction  to  that  datum,  based 
on  assuming  p^  =  p^.  Measurements  of  tube  strain  in  Shots  PDC-21  and  25 
indicate  that  p  =  1/2  pu;  the  corrected  compaction  data  based  on  these  results 
and  the  intermediate  confinement  data  for  Shot  POC-54  seem  to  follow  the  same 
compaction  curve.  The  dynamic  data  fall  within  the  observed  range  of  the  quasi¬ 
static  measurements.  That  range  is  much  larger  than  for  other  materials,  which 
may  be  caused  by  density  variations  within  each  sample.  The  existence  of  those 
variations  is  consistent  with  the  large  differences  in  foTMD  between  the  beds 
packed  for  quasi-static  and  dynamic  compaction.  8oth  arrangements  employed 
25.4  mm  diameter  beds  and  used  HMX  from  the  same  container.  Each  quasi-static 
experiment  involved  a  single  15  g  increment,  compressed  to  65%  TMD  by  the 
weight  of  the  ram.  Each  dynamic  experiment  had  many  4.5  g  increments  that  were 
at  ~72%  TMD  just  from  pouring  them  into  the  tube  before  hand  pressing  them  to 
73.0%  TMD  for  consistency.  The  incremental  introduction  of  small  amounts  of  HMX 
resulted  in  a  tighter  and  probably  more  uniform  packing  of  the  crystals,  which 
possibly  affected  subsequent  compaction.  Although  a  comparison  of  the  dynamic 
and  quasi-static  data  does  not  permit  an  evaluation  of  rate  effects,  a  separate 
study^^  suggests  a  small  effect  for  coarse  HMX  compaction. 

Dynamic  data  for  PBXs  are  summarized  in  Table  5,  along  with  suggested 
corrections  for  the  data  taken  in  the  low  confinement  of  Lexan  tubes.  Since 
the  PBXs  were  always  compacted  to  essentially  TMD,  it  is  more  instructive  to 
compare  particle  velocity,  instead  of  extent  of  compaction,  with  pressure  or 
stress.  Also,  since  no  comparison  with  quasi-static  data  is  sought,  p^  will  not 
be  converted  to  ;  however,  p^  =  t-j  for  %TMDn  >  100  (Equation  3).  All  Lexan 
tube  experiments  had  strain  gage  measurements  fcTr  correcting  %TMDu  and  Py^. 
However,  the  assumption  that  p^^  =  py^  resulted  it  insignificant  differences, 
indicating  that  the  pressure  behind  the  compaction  fronts  was  isotropic.  The 
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TABLE  5.  SUMMARY  OF  P8X  COMPACTION  OATA  WITH  SUGGESTED 
CORRECTIONS  FOR  LEXAN  TUBE  EXPANSION 


UNCORRECTEO  OATA* 

CORRECTED  OATA^ 

POROUS  BED 

u 

Ph 

u 

P 

MATERIAL 

SHOT  NO. 

(mm/iis) 

%TMDf^ 

(MPa) 

(mm/us) 

%TM0 

(MPa) 

0.070 

105.7 

19.8 

0.064 

100.2 

19.1 

POC-28 

0.066 

104.3 

18.2 

0.060 

98.9 

17.6 

0.068 

101.8 

20.6 

0.062 

96.5 

19.9 

PBXW-108(E) 
foTMO  =  75.0 

PDC-29 

0.112 

0.114 

106.9 

106.4 

49.1 

51.4 

0.103 

0.104 

101.1 

100.6 

47.6 

49.9 

0.109 

107.2 

46.2 

0.100 

101.3 

44.8 

0.151 

112.0 

80.6 

0.129 

100.8 

76.2 

POC-30 

0.154 

117.4 

76.6 

0.134 

105.7 

72.5 

0.162 

113.7 

83.2 

0.142 

106.8 

78.7 

0.061 

96.3 

21.0 

0.058 

94.3 

20.8 

POC-20 

0.057 

97.5 

17.6 

0.055 

95.5 

17.4 

0.057 

98.6 

16.9 

0.055 

96.6 

16.8 

0.102 

104.2 

46.2 

0.092 

98.3 

44.8 

PDC-23 

0.109 

109.2 

47.2 

0.100 

103.0 

45.8 

P3XW-109(E) 
%TM0„  =  75.0 

0.108 

110.5 

45.1 

0.099 

104.2 

43.8 

0 

0.117 

105.6 

58.8 

0.100 

96.2 

56.0 

POC-26 

0.137 

111.5 

71.2 

0.120 

101.6 

67.9 

0.146 

114.4 

76.9 

0.129 

104.2 

73.4 

POC-31 

0.175 

118.4 

103.7 

0.147 

103.8 

96.9 

0.169 

120.2 

94.3 

0.143 

105.4 

88.1 

POC-42 

0.159 

101.9 

113.9 

a 

•k 

From  Table  3 

^Corrections  based  on  strain  gage  measurements  of  Lexan  tube  experiments 
a  Intermediate  confinement 
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corrected  pressure  and  extent  of  compaction  were  then  used  to  compute  a 
corrected  particle  velocity  with  the  equation 

u  =  100  TMO  {p  -  Pq) 

The  correction  for  tube  expansion  results  in  a  reduced  value  for  the  particle 
velocity,  and,  although  not  shown,  the  corrected  compaction  front  velocity 
increases. 

The  deviation  of  the  corrected  values  for  %TM0u  (in  Table  5)  from  TMO  is  an 
approximate  measure  of  the  accuracy  of  the  corrected  data.  Although  there  is 
some  bulk  compression  of  the  PRXs,  especially  at  the  higher  pressures  employed 
in  this  study,  the  errors  from  neglecting  bulk  compression  are  not  greater  than 
those  associated  with  correcting  for  tube  expansion.  A  bulk  modulus  of  4.81  GPa 
for  PBXW-109(E)  was  computed  from  the  equation  8  =  p(c  -  4/3  c^^),  where  c  is 
the  longitudinal  velocity  and  c  is  the  shear  velocity.  W.  Elban  has 
ultrasoQical ly  measured  c  =  l./l  mm/us  at  a  frequency  of  0.5  MHz.  W.  Madigosky 
reports"^^  a  shear  modulus*'of  0.025  GPa  for  PBXW-109(E),  based  on  ultrasonic 
measurements  at  a  frequency  of  2.2  KHz;  the  computed  shear  velocity  of 
0.12  mm/us  is  so  low  that  it  does  not  significantly  influence  the  computation 
for  B.  For  the  highest  pressure  PBXW-109(E)  experiment.  Shot  PDC-42,  the  bulk 
compression  at  118.8  MPa  would  result  in  compaction  to  102.5%  TMD,  if  no 
porosity  remained.  The  slightly  lower  %TMn^  =  101.9,  which  is  listed  in 
Table  5,  may  indicate  some  porosity;  however,  the  difference  is  small  enough  to 
be  attributed  to  experimental  error. 

The  corrected  and  uncorrected  data  for  compaction  of  PBXW-108(E)  and 
PBXW-109(E)  are  plotted  in  Figures  l6a  and  16b,  respectively  (corrected  data 
from  the  lowest  pressure  experiment  for  each  PBX  are  not  shown,  since  the  small 
corrections  would  confuse  the  plot).  The  solid  line  in  each  figure  represents 
the  reference  for  compaction  to  TMD  and  is  obtained  from  the  previous  equation 
by  using  %TMn  =  100.  Corrected  data  for  both  PBXs  reasonably  agree  with  the 
reference  line,  especially  for  the  lower  pressures  where  tube  expansion  is  not 
as  extensive.  The  one  data  point  for  intermediate  confinement  of  PBXW-109(E) 
(Shot  POC-42)  nearly  falls  on  the  reference  line,  the  deviation  probably  due  to 
hulk  compression. 
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CHAPTER  4 


SUMMARY  AND  CONCLUSIONS 

( 

Dynamic  compaction  of  high  porosity  inert  and  energetic  materials  was 
studied  for  various  compaction  drivers:  pressurized  gas,  an  impacting  rod,  an 
accelerating  piston,  and  an  explosively  driven  shock  wave.  For  all  of  these 
drivers,  as  well  as  for  the  relatively  low  (10-15  MPa)  pressure  generated  by  a 
standard  NSWC  DDT  ignitor,^  compaction  fronts  propagate  the  full  length  (usually 
>100  mm)  of  the  porous  beds.  The  compaction  waves  observed  in  this  study, 
except  for  the  initial  ramping  purposely  designed  into  one  experiment,  were 
quasi -steady  with  distinct  fronts;  as  best  as  could  be  observed,  there  was  never 
a  two  wave  structure.  In  view  of  the  preceding,  measurements  of  particle  and 
compaction  front  velocity  were  used  in  jump  condition  calculations  of  pressure 
and  extent  of  compaction.  Although  no  direct  measurements  of  pressure  were 
available  for  confirming  the  calculations,  direct  measurements  of  extent  of 
compaction  did  verify  those  calculations. 

Most  measurements  were  made  on  porous  beds  packed  in  Lexan  tubes  in  order 
to  permit  both  high-speed  photography  and  flash  radiography  of  the  compaction 
process.  However,  there  was  significant  yielding  of  those  tubes  and  a  departure 
from  a  one-dimensional  compaction  process  for  pressures  exceeding  25  MPa.  The 
same  tube  yielding  occurs  during  low  confinement  DDT  experiments.  However,  for 
the  purpose  of  comparison  with  quasi-static  compaction  measurements  and  dynamic 
compaction  during  high  confinement  DDT  experiments,  it  was  desirable  to  correct 
the  data  for  tube  expansion.  An  approximate  correction  is  straightforward, 
knowing  the  extent  of  wall  expansion.  This  expansion  was  determined  from  strain 
gage  measurements  on  the  outer  wall  in  some  experiments,  but  had  to  be 
calculated  in  other  experiments  by  assuming  that  the  pressure  on  the  inner  wall 
was  the  same  as  the  jump  pressure  (i.e.,  hydrostatic  pressure  behind  the 
compaction  front).  Comparison  of  corrected  data  with  data  from  several 
intermediate  confinement  experiments  indicated  that  the  corrections  based  on 
strain  gage  measurements  were  reasonable.  Assuming  hydrostatic  pressure  was 
adequate  for  the  PBXs,  but  resulted  in  overestimating  the  wall  expansion  and  the 
correction  for  melamine  and  HMX  data.  Therefore,  it  appears  that  the  softer, 
more  pliable  materials  tend  to  be  more  uniformly  stressed  than  the  crystalline 
materials.  Some  rate  dependence  probably  exists  in  all  of  these  materials. 

Relative  to  the  other  materials,  PBXW-108(E)  and  109(E)  were  easily  compacted, 
achieving  TMD  for  stresses  of  40  MPa  or  less.  Except  for  the  PBXs  and  the 
inerts,  the  generation  of  dynamic  compaction  data  up  to  pressures  of  100  MPa  was 
not  possible  because  of  the  onset  and  growth  of  compressive  reaction,  which  is  a 
direct  result  of  void  collapse  in  the  porous  beds. 
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Abbreviations: 

A1  Aluminum 

CF  Compaction  front 

CGC  Cold  gas  (gas  driven)  compaction 

DOT  Deflagration-to-detonation  transition 

HMX  Cyclotetramethylenetetrani tramine 

IOC  Ignitor  driven  compaction 

NC  Nitrocellulose 

NG  Nitroglycerin 

PBX  Plastic  bonded  explosive 

POC  Piston  driven  compaction 

PMMA  Polymethylmethacrylate 

RDX  Cyclotriinethylenetr  ini  tramine 

RLC  Ramp  loaded  compaction 

SDC  Shock  driven  compaction 

SOT  Shock-to-detonation  transition 

SG  Strain  gage 


Physical  parameters: 


c, 


d-' 

L 

P 

t 

TMO 

iiTMO 

u 

U 

X 

Ax 

> 

e 


Bulk  modulus 

Longitudinal  wave  velocity 

Shear  wave  velocity 

Bed  or  tube  diameter 

Initial  bed  length 

Pressure 

Time 

Theoretical  maximum  density  at  ambient  pressure 

Volume  percentage  of  a  porous  bed  that  is  occupied  by  solid 

Particle  velocity 

Wave  (CF)  velocity 

Axial  distance 

Axial  displacement 

Piston  velocity  prior  to  impact 

Average  particle  size 

Quasi-steady  circumferential  strain  on  outer  tube  wall 
Density 
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